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In stratified epithelial tissues, homeostasis relies on the selfrenewing capacity of stem cells located within the innermost basal layer 1 . As basal cells become suprabasal, they lose proliferative potential and embark on a terminal differentiation programme 2, 3 . Here, we show that microRNA-203 is induced in the skin concomitantly with stratification and differentiation. By altering miR-203's spatiotemporal expression in vivo, we show that miR-203 promotes epidermal differentiation by restricting proliferative potential and inducing cell-cycle exit. We identify p63 as one of the conserved targets of miR-203 across vertebrates. Notably, p63 is an essential regulator of stem-cell maintenance in stratified epithelial tissues [4] [5] [6] [7] [8] [9] . We show that miR-203 directly represses the expression of p63: it fails to switch off suprabasally when either Dicer1 or miR-203 is absent and it becomes repressed basally when miR-203 is prematurely expressed. Our findings suggest that miR-203 defines a molecular boundary between proliferative basal progenitors and terminally differentiating suprabasal cells, ensuring proper identity of neighbouring layers.
MicroRNAs are small, non-coding RNAs that regulate gene expression post-transcriptionally by directly targeting RNA-induced silencing complex (RISC) to cognate messenger RNA targets 10 . When miRNAs are globally ablated in skin epithelium by conditionally targeting the gene that encodes the miRNA-processing enzyme Dicer1, hair follicles fail to invaginate. This distorts epidermal morphology, compromising the barrier and underscoring the functional importance of these small RNAs in skin development 11, 12 . To gain further insight into the possible significance of different skin miRNAs, we constructed epidermal miRNA libraries using total RNAs isolated from pure epidermis starting from embryonic day 13.5 (E13.5), when it is still a single-layered epithelium, to postnatal day 4.5 (P4.5), when it is fully stratified. Among more than 100 epidermal miRNAs cloned, miR-203 barely surfaced in the pool of E13.5 clones but emerged as one of the most abundant epidermal miRNAs from E15.5 onwards (Fig. 1a) . The significant upregulation of miR-203 between E13.5 and E15.5 was suggestive that this miRNA may be absent in multipotent progenitors of single-layered epidermis, but is induced upon stratification and differentiation. By in situ hybridization 13 , miR-203 was largely confined to suprabasal cells of epithelial tissues, and was especially prominent in skin (Fig. 1b, d , e and Supplementary Fig. 1 ). The specificity of hybridization was confirmed by analysing conditionally ablated Dicer1 skin, in which expression of miR-203 and other mature miRNAs was abolished 11 ( Supplementary Fig. 1a ). Quantification of its differential expression by quantitative PCR with reverse transcription (qRT-PCR) revealed ,25-fold more miR-203 in E15.5 suprabasal cells than in their basal counterparts (Fig. 1c) . Similarly, miR-203 was rapidly upregulated when primary mouse keratinocytes were induced by calcium to differentiate in vitro ( Supplementary  Fig. 1b) .
Epidermal development precedes that of its appendages. However, at early stages of hair follicle development, miR-203 was not detected. By E17.5, faint miR-203 hybridization was detected within the emerging suprabasal cells of developing hair follicles and expression was also seen in stratified layers of developing tongue epithelia ( Supplementary Fig. 1f, g ). As development advanced, miR-203 expression intensified in differentiating cells of epidermis, hair follicles and sebaceous glands (Fig. 1d, e) . Present throughout transcriptionally active, terminally differentiating cells of skin epithelium, miR-203 was conspicuously absent in its proliferating progenitor compartments. Interestingly, miR-203's sequence and expression pattern seemed to be conserved among vertebrates, in which the epidermis is stratified, but not in eukaryotes that have a singlelayered epidermis ( Supplementary Fig. 2a, b) . If miR-203 functions in the switch between proliferative and terminally differentiating compartments in vertebrate skin, it may be expected to repress its basal targets once basal cells become suprabasal and enter the terminal differentiation programme. To test this hypothesis, we generated transgenic mice expressing miR-203 under the control of the keratin 14 (K14) promoter, active by E15 in basal progenitors of stratified epithelia 14 . Most K14-miR-203 mice died shortly after birth owing to apparent dehydration and/or malnutrition. By E18.5, the level of transgenic basal miR-203 was comparable to endogenous suprabasal miR-203 (Fig. 2a) . Moreover, transgenic miR-203 expression did not interfere with endogenous miRNA processing 15 ( Supplementary Fig. 3 ). At E18.5, K14-miR-203 back skin epidermis was noticeably thinner than that of its wild-type littermates ( Supplementary Fig. 4a ). By the time of birth (P0), transgenic epidermis consisted of a layer of flattened basal cells and one layer of suprabasal cells (Fig. 2b ). Hence, a thin epidermis can reflect either defective differentiation, as in mice conditionally targeted by K14-Cre for Notch effector protein RBPj 16 , or impaired stem cells, as in p63 null epidermis 4, 6, 9 . To distinguish between these possibilities, we first examined keratin 10, an early differentiation marker downstream of canonical Notch signalling 16 . At E18.5, many keratin-10-positive cells within K14-miR-203 epidermis were aberrantly juxtaposed to the basement membrane (Fig. 2c) . As development progressed, basal progenitor/stem cells marked by keratin 5 were missing over increasingly larger epidermal stretches that were replaced by flat cells expressing keratin 10 ( Fig. 2d) . No discernible apoptotic cells were detected as judged by TdT-mediated dUTP nick end labelling (TUNEL) assay and active caspase-3 (data not shown).
The depletion of basal stem cells in K14-miR-203 epidermis bore a resemblance to p63 null epidermis 6, 9 . Interestingly, anti-p63 immunolocalization revealed only sporadic, weak expression in E18.5 K14-miR-203 basal cells (Fig. 2e) . Quantification of 5-bromodeoxyuridine (BrdU)-positive cells after a 2-h pulse-labelling revealed a significant reduction in the proliferative pool of E18.5 transgenic progenitors (Fig. 2f) .
To address whether miR-203 restricts the proliferative potential of epidermal stem cells, we compared the clonogenic capacity of primary mouse keratinocytes cultured from E18.5 transgenic with wildtype littermates. As expected, wild-type keratinocytes formed typical holoclones composed of small, undifferentiated cells capable of longterm passage 17, 18 . By contrast, transgenic keratinocytes produced mostly paraclones, composed of large, flattened cells 17, 18 (Supplementary Fig. 4b ). Moreover, approximately fourfold fewer, and significantly smaller, colonies formed from transgenic compared with wild-type keratinocytes ( Fig. 2g and Supplementary Fig. 4c ). On passage, only wild-type clones gave rise to colonies. Consistent with a requirement for p63 in maintaining proliferative potential of epidermal stem cells 9 , p63 was markedly diminished in transgenic keratinocytes.
To test whether these dramatic effects of transgene expression are specific to miR-203, we transduced primary mouse keratinocytes with retroviral vectors expressing either miR-203 or miR-203M, a miR-203 mutant harbouring mutations within the 59 seed (Supplementary Fig. 4d ), or empty vector alone. Only miR-203 impaired keratinocyte proliferation and colony formation ( To identify early consequences of losing miR-203 expression, we first examined p63 and cell-cycle status in E18.5 Dicer1 null epidermis. In contrast to the wild type 2,5,9 , Dicer1 null epidermis showed frequent p63-positive, BrdU-positive and phosphohistone-H3-positive mitotic suprabasal cells ( Supplementary Fig.  5a-c) . Fluorescence-activated cell sorting (FACS) quantification revealed an approximately threefold increase in the number of G2/M phase suprabasal cells (Supplementary Fig. 5d ). In f, quantifications reflect *P , 0.003, n 5 8. To 19 to repress miR-203 expression in dorsal skin of neonatal mice, in which basal-layer proliferation is still high. We first used a dye-conjugated antagomir to document efficient incorporation in epidermis within 24 h following a single subcutaneous injection (Supplementary Fig.  6a ). One day after three dorsal injections, antagomir-203, but not mm-antagomir-203 (a 4-nucleotide mismatched control) or PBS markedly and specifically repressed miR-203 expression in surrounding skin (Fig. 3a and Supplementary Fig. 6b, c) .
Similar to E18.5 Dicer1 null skin, antagomir-treated P4 epidermis showed atypical expansion of p63 expression and BrdU-positive suprabasal cells (Fig. 3b, c) . This was further substantiated by the presence of suprabasal cells positive for p63 and the mitotic marker phospho-histone H3 (Fig. 3d) . Finally, quantification of epidermal cells harvested 4 h after BrdU injections revealed that proliferative cells were more numerous in antagomir-203-treated dorsal epidermis than either PBS-or mm-antagomir-203-treated skin (Fig. 3e) .
Because these abnormalities occurred early after miR-203 repression, it was unlikely that they arose secondarily from physical perturbations to the skin or mouse. Moreover, the alterations were recapitulated in vitro with an antisense oligonucleotide 20 that specifically blocked calcium-induced expression of endogenous miR-203 ( Supplementary Fig. 6d ). BrdU labelling and FACS analysis revealed that anti-miR-203 in vitro partially blocked the ability of keratinocytes to exit the cell cycle during calcium-induced differentiation (Fig. 3f) .
Having established early consequences of inhibiting miR-203 expression, we examined longer-term effects in vivo. Although tailvein injections of antagomirs afford efficient delivery for some adult tissues 19 , it was only partially effective in targeting miR-203 knockdown to skin (Supplementary Fig. 7) . Similarly, sustained subcutaneous antagomir injections were not effective once skin matured. To ablate miR-203 efficiently in adult skin, we engineered K14-Cre Tm / Dicer1 inducible conditional knockout (iKO) mice and examined long-term consequences of conditionally inducing Dicer1 ablation. By 30 days, the epidermis had thickened markedly and suprabasal cells were more numerous (Fig. 3g) . Atypical p63-positive suprabasal cells were now prevalent in iKO epidermis (Fig. 3h) . These results suggested that miR-203 may be required to effectively repress suprabasal p63 and in turn restrict cell proliferation in differentiating epidermis. Importantly, by targeting Dicer1 after follicles had matured and anchored within the dermis, we could attribute these defects specifically to alterations originating in the epidermis rather than secondarily arising from perturbed hair follicle morphogenesis.
Whereas miR-203 markedly impaired proliferative potential, it had minimal effects on the induction of terminal differentiation markers whether in vivo (Fig. 2c, d ) or in vitro (Supplementary Fig.  8 ). Thus, of the two key features involved in terminal differentiation, suprabasal miR-203 seemed to act predominantly by restricting proliferative potential of progenitors as they transitioned from basal to suprabasal layers. Although loss of miR-203 resulted in increased suprabasal proliferation, neither p63 overexpression nor miR-203 reduction are associated with psoriasis 21, 22 , suggesting that neither p63 nor the miRNA are obligatory features of the hyperproliferative state.
Bioinformatics suggest that miRNAs and their predicted targets tend to be mutually exclusive in neighbouring tissues 23, 24 . On the basis of the inverse correlation that we observed between miR-203 and p63 in expression and function, p63 mRNA surfaced as a possible miR-203 target. Consistent with in vivo results (Fig. 2e) , p63 was markedly diminished in K14-miR-203 transgenic primary mouse keratinocytes that were cultured in low calcium (Fig. 4a) . Conversely, knocking down endogenous miR-203 in calcium-treated wild-type primary mouse keratinocyte cultures strongly impaired the rapid downregulation of p63 protein upon terminal differentiation (Fig. 4b) , even though p63 mRNA levels remained appreciable (Supplementary Fig.  9 ). Conversely, transduction of miR-203 in wild-type primary mouse keratinocytes cultured in low calcium strongly inhibited p63 protein expression (Fig. 4b) , while only slightly decreasing p63 mRNA (Fig. 4b  right-hand graph) . Thus, miR-203 seemed to regulate p63 primarily through translational repression.
To further define the parallels, we examined the status of p21, a well-established p63 target that functions to restrict proliferative LETTERS potential of basal epidermal cells 25 and is normally repressed in proliferative keratinocytes [26] [27] [28] . Upon miR-203 transduction, however, p21 was upregulated in undifferentiated wild-type primary mouse keratinocytes to an extent that was nearly comparable to its levels in differentiated primary mouse keratinocytes (Fig. 4c) . This finding extends the correlation between miR-203 and p63 to p63's downstream targets, and provides mechanistic insight into how miR-203 may inhibit proliferative potential of epidermal stem cells.
DeltaNp63a is the main isoform expressed in epidermis. Within the 39UTR of DNp63a mRNA, a hexamer and heptamer match perfectly to miR-203's 59 seed sequence (Fig. 4d) . When introduced into the 39UTR of a luciferase reporter gene, a 599-base-pair mouse DNp63a 39UTR fragment encompassing these two putative target sites caused a threefold reduction in activity in K14-miR-203-expressing keratinocytes cultured in low calcium (Fig. 4d) . Mutations within these two sites together abolished miR-203-mediated repression under the same conditions (Fig. 4e, LoCa) . When these assays were performed in highcalcium primary mouse keratinocytes in which endogenous miR-203 was induced ( Supplementary Fig. 1b) , exogenous miR-203 was not needed to elicit the wild-type p63 39UTR-specific reduction in luciferase activity (Fig. 4e, HiCa) . Together, these results indicate that miR-203's effect on p63 is direct and is mediated through these 39UTR target sites.
MiR-203 and its suprabasal expression seem to have emerged in vertebrate evolution concomitant with a stratified epidermis. Similarly, the basal expression and function of p63 in stratified epithelia also seems to be conserved [4] [5] [6] [7] 9 . Interestingly, the putative miR-203 recognition sequence exists four times in the p63 39UTR of zebrafish and twice in mouse and human. Moreover, when similarly tested, the p63 39UTR fragments flanking the hexamer motifs from either zebrafish or human reduced luciferase reporter activity comparably to that from mouse ( Supplementary Fig. 10 ). These data suggest that this mechanism for regulating p63 by miR-203 may be conserved across vertebrates.
Strictly on the basis of bioinformatic studies, the mRNA encoding a zinc-finger protein, Zfp281, is the top candidate of miR-203 targets, as it harbours four perfectly conserved miR-203 consensus sites in its 39UTR 29 ( Supplementary Fig. 11a ). Similarly to p63, Zfp281 is also enriched in basal epidermal stem cells (Supplementary Fig. 11b ). In both K14-miR-203 transgenic mice and miR-203-transduced primary mouse keratinocytes, Zfp281 mRNA was markedly reduced (Supplementary Fig. 11c ). Using a luciferase reporter assay, we showed that the Zfp281 39UTR, but not the mutant form with mutations at four target sites, was specifically regulated by co-transfected and endogenous miR-203 ( Supplementary Fig. 11a ). Intriguingly, even though Zfp281 has not been previously studied in skin development, it has been implicated in maintaining the proliferative potential of embryonic stem cells 30 , and in this regard its function resembles that ascribed to p63 in keratinocytes.
Taken together, our studies provide evidence that miR-203 acts at least in part by targeting and negatively regulating suprabasal expression of basal genes, thereby acting as a switch between proliferation and differentiation. Although the mechanisms underlying this balance are complex and likely to be dominated by transcriptional controls, the mutually exclusive expression patterns, opposite functions and evolutionarily conserved regulation offer strong support for the intimate relation between miR-203 and its targets in refining the boundary between these two stages in epidermis.
METHODS SUMMARY
Antagomir synthesis and injection. Antagomir-203 and mm-antagomir-203 were designed and synthesized (Dharmacon) as described 19 . The antagomir-203 sequence was 59-UpsCps UAGUGGUCCUAAACAUUpsUpsCpsAps-Chol-39 and mm-antagomir-203 was 59-UpsCpsUcGUGuUCaUAAACAcUpsUpsCpsApsChol-39. Lower-case letters indicate the mismatched nucleotide. Subcutaneous injection was performed on newborn CD-1 mice at a dosage of 80 mg kg 21 , according to an established protocol approved by LARC animal facility at the Rockefeller University. Tail-vein injections were performed as described 19 . After three initial injections, a booster injection was performed every 4 days. Total treatment was 15 days. reporter activity in the presence of miR-203 (*P , 0.002, n 5 3). pGL3 is a luciferase-expressing plasmid from Promega. e, Mutation of both target sites (p63M2) abolishes miR-203-mediated repression of luciferase activity; a single-site mutation (p63M) has marginal effects (**P , 0.0001, n 5 6). In HiCa, wild-type but not mutant p63 39UTR represses luciferase activity (*P , 0.002, n 5 3). For all graphs, error bars (s.d.) are derived from the number of experiments as indicated.
